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Advances in nanoscience have made a great impact on many scientific fields 
and resulted in the development of a variety of important technologies, such as 
biodetection, catalysis and pollution monitoring.  Many novel biosensors that utilize 
nanostructured materials conjugated with biomolecules in the field of molecular 
diagnostics have been reported.  In particular, DNA-functionalized gold 
nanoparticles as the target-specific probes have been developed for potential use in 
the detection of single-nucleotide polymorphisms in genome, proteins and metal ions. 
The research aim of this thesis is to develop a series of novel and practical 
DNA/gold nanoparticle (GNP)-based sensors for DNA detection.  These sensors 
combine reactions by DNA-modifying enzyme and gold nanoparticle amplification, 
providing high-throughput screening capability and ultra-high sensitivity without the 
need of costly instrumentation.  In Chapter 2, we demonstrate a nicking 
endonuclease assisted nanoparticle amplification (NEANA) approach to detect 
ultra-long oligonucleotides with single base mismatch selectivity and a 1000-fold 
improvement in amplification.  Upon modification, the approach possesses the 
probability for detecting a broad range of targets other than DNA, including 
aptamer-binding small molecules and metal ions.  One limitation in this method is 
the requirement of specific sequence for enzyme docking in target DNA.  In Chapter 
3, an extended version of NEANA approach has been developed to address this 
limitation and to further enhance detection sensitivity.  In this approach, rolling 
X 
 
circle amplification (RCA) is used as a “bridge” to connect the basic NEANA 
approach and the target of any DNA sequence.  The detection limit has been 
improved to 1 pM due to the amplification capacity of RCA.  In Chapter 4, we 
present a novel approach to detect methylated-DNA.  This method utilizes the 
restriction endonuclease digestion and ligase chain reaction, giving rise to a simple 
yet powerful colorimetric detection of target DNA that contains CpG methylation.  It 
is worth mentioning that ligase chain reaction is employed to detect methylated-DNA 
for the first time and the detection limit is improved 1000 times compared to 
conventional colorimetric assay format.                 
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CHAPTER 1: Introduction 
 
The determination of the myriad arrangement of four nucleotides (cytidine, 
thymidine, adenosine, and guanosine monophosphates) constituting human genomes 
is considered as one of the great milestones in biomedical research.[1-2]  This research 
has provided new insight into diagnosing diseases, understanding pathological 
mechanism, and selecting treatment options.  Slight dissimilarities in genome 
sequences, often in the form of single base changes, termed as single-nucleotide 
polymorphisms (SNPs), may produce an effect on an individual’s susceptibility to 
disease, the severity of illness, and response to medical treatments.[3]  Thus far, the 
fully developed human genome project discloses the genetic make-ups of many 
diseases, providing the possibility that particular clinical treatment will be prescribed 
according to the SNPs of patients in future.[4]  Given the enormous numbers of SNPs 
from billions of individuals, the existing techniques for DNA sequencing and 
diagnostic methods are relatively limited.  In this thesis, we have focused on novel 
biosensors consisted of DNA and gold nanoparticles (DNA/GNP-based sensors) by 
virtue of enzyme reaction for unfolding a great deal of information about the genetic 
structures with high sensitivity, selectivity and practicality.  
Biosensor is the device that makes use of the interaction of biological or 
biochemical species as the means to transform the target information into a 
measurable signal.  A typical biosensor is usually comprised of two key components, 




provides the selectivity that enables the biosensor to recognize a specific target and 
reduce the interferences from other substances.  The signal transducer usually 
transforms the probe-target interaction into measurable signals and magnifies these 
signals to be reliably detected and quantified, which impacts the sensitivity of a sensor.  
As for DNA/GNP-based sensors, nucleic acids are used as recognition elements 
(probes) and gold nanoparticles are used as transducers.  DNAs, proteins, and small 
molecules are three common targets for DNA-based sensors (Figure 1.1).  
In the following sections of this introduction, the two components in biosensors, 
nucleic acid probes and gold nanoparticle transducers, will be introduced first.  After 
that the fabrication and detection mechanism of DNA/GNP-based sensors will be 
described.  Furthermore, some fundamentals of enzymes in molecular biology will 
be presented.  Last but not least, the state of the art in DNA/GNP-based sensors and 
corresponding applications in the detection of DNAs, proteins, small molecules, and 
metal ions will be briefly reviewed.  
 
1.1 Nucleic acid probes 
Nucleic acid probes are usually short single-stranded DNA (ssDNA, 8-70 bases 
in length) sequences with the pre-defined sequence arrangement.  The probes are 
designed to hybridize with complementary single-stranded DNA (ssDNA) sequences 
or interact with proteins and small-molecules for assay applications.  The 















properties of sensors, which are converted into measurable analytical signals via 
transducers.  In this section, the structures and the hybridization properties of nucleic 
acids will be introduced.  It is the specific structure and properties that make nucleic 
acids ideal materials for the development of ultra-sensitive and selective biosensors.  
 
1.1.1 Structure of nucleic acids 
Nucleic acids are long chains of nucleotide units, or polynucleotides.[5]  Each 
nucleotide consists of a nitrogenous heterocyclic base, a ribose sugar, and a phosphate 
group (Figure 1.2a).  The sugar residues are covalently joined by 3’→ 5’ 
phosphodiester bonds, forming a polarized but invariant backbone with projecting 
bases.  There are two classes of nucleic acids, ribonucleic acid (RNA) and 
deoxyribonucleic acid (DNA). The key difference between DNA and RNA is the type 
of ribose sugar in the monomer:  RNA contains the sugar D-ribose whereas DNA 
contains its derivative 2’-deoxy-D-ribose, where the 2’ hydroxyl group of ribose has 
been replaced by a hydrogen atom.  This subtle difference results in significantly 
different chemical and physical properties between the DNA and RNA.  The DNA is 
more flexible and stable in alkaline conditions than the RNA, contributing the main 
reason for DNA as the major genetic materials, and used in most genetic sensors.  
Genetic information in DNA is carried by the four bases: cytosine (C), thymine (T), 
adenine (A), and guanine (G).  The combination of the four bases determines the 
genetic information.    













100 in length.  Unmodified oligonucleotides are used as primers during DNA 
replication and for various other undefined purposes in the cell.[6]  Chemically 
synthesized oligonucleotides are essential for use in many laboratory techniques, 
including DNA sequencing, polymerase chain reaction, nucleic acid probe, nucleic 
acid hybridization, and gene therapy. 
 
1.1.2 Hybridization and melting 
Nucleic acid hybridization is a process in which two nucleic acid strands pair 
with each other, thus forming a stable helix or duplex structure. A DNA duplex is 
about 2 nm in width and the distance between two adjacent bases is around 0.34 nm 
(Figure 1.2b).   The structure repeats at the intervals of 3.4 nm along the axis of the 
helix, including a major groove and a minor groove.  The possibility of 
double-stranded DNA (dsDNA) formation lies on the biochemical property of 
base-pairing that A is hydrogen-bonded to T and C to G.  Bases form hydrogen 
bonds inside of the double-helix structure to exclude the water, meanwhile the 
negatively charged phosphate groups locate on the outer surface under aqueous 
conditions.  The formation of dsDNA in physiological media allows fragments of 
known sequences to find complementary sequences in an unknown DNA sample.  
The helix is able to unwind, or denature by heating at a certain temperature.  
The temperature at which half of the helical structure unwound is defined as the 
melting temperature that stands for the stability of the dsDNA.  The hybridization 




chemical features, such as temperature, sequence length, base composition, ionic 
strength, pH value and so forth.  For example, most hybridization reactions are 
performed at a pH between 6.8 and 7.4.  Neither high nor low pH value is suitable 
for duplex DNAs except some special conditions (e.g. 0.4 M sodium with pH with a 
pH between 5 and 9).[7]  Furthermore, the total percentage of G:C pairs in a dsDNA 
sequence also affects the rate of nucleic acid hybridization.  More G:C pairs show 
greater thermal stability.  It is because that each G:C base pair has three hydrogen 
bonds to hold together while A:T pair has two.[8-9]  In addition, the high ionic 
strength can stabilize dsDNA due to the electrostatic repulsion effect for the 
negatively charged phosphate groups in the backbone.[10]  
The optimal hybridization conditions depend on the purpose of experiment and 
on the extent of complementarity of nucleic acids.  Hybridization experiments can be 
performed under a defined condition of “stringency”, which refers to the condition 
that causes a change in the local hybridization environment and “interferences” with 
the binding kinetics.  For the nucleic acids with high degree of complementarity, the 
hybridization can be commonly performed in “high stringent” conditions.  For 
nucleic acids with low degree of complementarity, “low stringent” conditions will be 
adopted.[11-12]  
In addition to duplex, nucleic acid sequences which are rich in guanine are 
capable of forming four-stranded structures called G-quadruplexes (also known as 
G-tetrads or G4-DNA) (Figure 1.2c).  This structure is stabilized by both Hoogsteen 




G-quadruplexes are very stable and of highly symmetric configuration, which is very 
useful in DNA-based sensors.[13-16] 
 
1.2 Gold nanoparticle transducer 
Nanoparticles are defined as the particles of controlled size in the range of 1 to 100 
nm.  Nanoparticles with many specific properties beyond traditional bulk materials due 
to their quantum confinement effect, finite size effect, surface effect and macroscopic 
quantum tunneling effect have gained much attention nowadays.[17]  Novel synthetic 
strategies have created numerous types of new nanoscopic materials and fueled a 
significant amount of fundamental research on exploring the optical, magnetic, and 
electronic properties of the new nanomaterials.  Nanoparticles have found widespread 
utilization as transducers in biosensors, replacing traditional organic dyes, and as 
substrates for multiplexed assays.  In this section, some typical properties of 
nanoparticles that are essential for biosensors will be introduced, and the surface 
plasmon resonance of gold nanoparticle which is the basis of colorimetric detection will 
also be discussed.  
 
1.2.1 Typical properties of nanoparticles in biosensors  
Small size with narrow distribution, defined surface chemistry and chemically 
tailorable properties are important factors regarding the utility of nanoparticles for 
bio-detection.  Firstly, the large surface-to-volume ratio resulting from small size 




structures.  These properties can be used in the mode of signal transduction along with 
a target binding event.  Secondly, the defined surface chemistry is the basis of the 
surface modification and engineering that generate new types of bioconjugation and 
cellular labeling agents.[18]  Thirdly, tailorable physical properties of nanoparticles are 
essential for their applications in biodetection as well.  The optical, magnetic, and 
electronic properties can now be systematically adjusted via varying the sizes, shapes, 
and composition of nanoparticles in novel synthetic strategies.  These specific physical 
properties make nanomaterials ideal for multiplexed detection of various analytes.[19-23] 
For example, semiconductor quantum dots with tunable, narrow emission spectra and 
high photostability, have been used for immunofluorescent imaging of breast cancer 
cells and single nucleotide polymorphism analysis.[24]  Gold nanoparticles of the size 
less than 5 nm appear dark in transmission electron images due to high Au density, and 
bright in scanning electron microscopy images due to backscatter coefficient.  These 
properties have made colloidal gold a popular staining agent in biological electron 
microscopy.[25]  Superparamagnetic nanoparticles such as iron oxide particles (Fe3O4 
or γ-Fe2O3) hold potential in separation and biomolecular assay applications.[26]       
A growing number of new applications based on new nanoscopic particles have 
been emerging nowadays along with the continuing contribution made by 
interdisciplinary teams of chemists, material scientists, geneticists, and engineers.       
                                                                              
1.2.2 Gold nanoparticle and surface plasmon resonance 








Figure 1.3 a) Scheme for localized surface plasmon resonance of gold nanoparticles.






colors.  This phenomenon is attributed to localized surface plasmon resonance that 
results from the coherent oscillation of electrons on the surface of nanoparticle 
(Figure 1.3a).[27]  Surface plasmon resonance can be induced by the incident light or 
electromagnetic field.  The color of solution reflects the wavelength of surface 
plasmon band.  For example, the solution of 14 nm Au NP is red, having a strong 
absorption band (surface plasmon band) at about 520 nm (Figure 1.3b).  There are 
several competing modes for the explanation of surface electrons oscillation on Au 
NPs.[28-29]  Here we introduce one of the most acceptable modes.  For small Au NPs, 
surface electrons are oscillated in a dipole mode.  For larger Au NPs or gold 
nanoparticle aggregates (generally considered as a single large particle), light cannot 
polarize them homogeneously, and higher order modes at lower energy dominate.  It 
causes a red-shift by broadening the absorption band, accompanied by a color change 
(red-to-purple).  This sensitive and predictable color change based on the 
aggregation of small Au NPs provides a reliable system for colorimetric detection 
using Au NPs as signal transducers. 
 
1.3 DNA/GNP-based sensor  
1.3.1 Synthesis of nucleic acid probe    
Generation of a nucleic acid probe that has the appropriate sequences is key to 
the development of any DNA-based detection system.  The probes may be prepared 
from genomic DNA extracted directly from animal, plant, and bacterial cells, or from 




quite a large amount of DNA-based sensors use pre-synthesized and purified nucleic 
acids as probes, so do the DNA/GNP-based sensors described in this thesis.  DNA 
probes with designed base sequences and moderate length (up to 150 bases) can be 
synthesized via automated, solid-phase DNA synthesizer at high yield and relatively 
low cost.[33]  In an automated nucleotide synthesizer, the oligomers are assembled 
one nucleotide unit at one time on solid supports in reaction columns.  The solid 
support may have one of the four standard nucleotides pre-attached.  Reagents are 
delivered to the column to effect addition of successive nucleotides.  A wide variety 
of modified bases or labeling groups can also be incorporated into the synthesized 
oligonucleotide during the oligomerization process (e.g., biotin, amines, thiols, or 
disulfides, spacer).[34]  Gel electrophoresis and high-performance liquid 
chromatography (HPLC) are commonly used for oligonucleotide purification.[35]   
There are several advantages for using synthesized oligonucleotides as probe 
beyond extracted or cloned DNA.  Large quantity of probes can be obtained by a 
single synthesis, making the preparation more cost effective.  In addition, due to the 
typically short length, synthesized probes have relatively low molecular weights and a 
lower sequence complexity, which may translate to a less complicated secondary 
structure.  Meanwhile, shorter length and high concentration of probes shorten the 
hybridization time.  Taking the analysis of single-nucleotide polymorphisms for 
instance, a single point mutation can have a significant effect on the probe-target 
hybridization efficiency for shorter oligonucleotide probes, allowing for better 




1.3.2 Attachment of DNA probes to surface  
The next step after DNA probe synthesis is to attach these probes to transducers, 
typically to the surface of gold nanoparticles in this thesis.  In a common sense, high 
coverage of chemically stable, bound probes that are available for hybridization with 
target sequences is pivotal for high analytical signal.[36]  The chemisorptions of DNA 
probes that are end-modified with a thiol or disulfide group to gold surface are widely 
utilized in the method for attachment.[37-38]  The very strong bonds (~ 44 kcal/mol) in 
the form of metal thiolate between the sulfur head group and the gold surface result 
highly stable DNA-gold conjugates suitable for DNA-based sensors.  The DNA 
molecule functionalized with a thiol (S-H) group at the 3' or 5' end can be directly 
attached to the surface of citrate stablilized gold nanoparticles.  This method is a 
general approach for the fabrication of DNA/GNP conjugates due to its simplicity and 
high efficiency.  It should be noted that there are also plethora of other approaches 
for attaching DNA probes on the surfaces of gold nanoparticles, including the 
covalent binding of DNA probes to a pre-activated particle surface,[39-43] the 
adsorption of biotinylated oligonucleotides on a particle surface coated with avidin 
and the immobilization of DNA probes in three-dimensional polymer or inorganic 
matrixes.[44-47] 
Besides gold nanoparticles, DNA probes have also been attached to the surfaces 
of many other nanomaterials.  For example, by using a heterobifunctional 
cross-linking reaction between carbon double bonds with bare silicon surfaces, DNA 




Thiol-tethered DNA probes can also be modified on the surface of amine-terminated 
CdS or hydroxylated CdSe surfaces.[48-52]   
 
1.3.3 Signal transduction of DNA/GNP-based sensors 
In the DNA/GNP-based sensors, the color response resulting from the localized 
surface plasmon to the particle size facilitates the signalization of targets.  This 
detection format is usually named as colorimetric detection.  There are two main 
approaches for gold nanoparticle aggregation: DNA crosslinking induced aggregation, 
and electrostatic interaction induced particle aggregation.[53]  In the DNA 
crosslinking induced approach, gold nanoparticles are modified by DNA probes on 
the surfaces (Figure 1.4a).  The target DNA hybridizes with the two probes and 
serves as the linker strand to induce the aggregation of gold nanoparticles.  This 
probe-target DNA hybridization results in the formation of polymeric network of gold 
nanoparticles and shows a red to purple color change, which indicates the presence of 
target DNA.[54]  In the electrostatic interaction induced approach, unmodified gold 
nanoparticles are used (Figure 1.4b).  This phenomenon of aggregation is based on 
the observation that electrostatic interactions between single-stranded nucleic acids 
and citrate-coated gold nanoparticles can be applied to stabilize the even dispersion of 
particles.[55-56]  The ssDNA can strongly adhere to the surfaces of gold nanoparticles 
via electrostatics, enhancing the stability of colloidal gold.  In contrast, 








Figure 1.4 a) Schematic illustration of gold nanoparticle aggregation induced by 
DNA: DNA crosslinking approach; b) Electrostatic interactions between nucleic 





duplex to interact with gold surface, thus driving particle aggregation in relatively 
high ionic strength.  A majority of DNA/GNP-based sensors employ the DNA 
crosslinking induced aggregation for signal generation, while unmodified gold 
nanoparticles provide an alternative way to detect.   
In a typical DNA/GNP-based sensor (usually an aqueous solution in red color), 
the target-probe interaction triggered Au NP aggregation can be easily detected from 
the solution’s color change (from red to blue) by naked eyes.  Therefore, 
sophisticated instruments are not required.  Importantly, owing to the extremely high 
extinction coefficients of gold nanoparticles, DNA/GNP-based sensors have high 
sensitivity compared to some conventional bio-detection assays.  Quantitative 
analysis can be achieved using A520/A650 (the ration of absorbance at 520 nm and 650 
nm). 
 
1.4 Enzymes in molecular biology  
DNA Enzymes are ubiquitous in living organisms and function in all situations 
where nucleic acids are in action, including degradation, senescence, replication, and 
recombination.  Many types of reactions carried on nucleic acids by enzymes have 
been applied into DNA-based sensors so far.  In this section, three main types of 
DNA enzymes: nuclease, polymerase, ligase, and their corresponding reactions that 







Enzymes that catalyze the hydrolysis of nucleic acid by cleaving chains of 
nucleotides into smaller units are termed as nuclease.[57]  There are two types of 
DNA nuclease, exonuclease and endonuclease, although some of the enzymes may 
fall in both categories.  Exonucleases cleave DNA molecules from the ends, 
releasing phosphomononucleotide.  Cleavage can carry on either in 3’ to 5’ direction 
releasing 5’ phosphomonocleotides, or in the 5’ to 3’ direction releasing 3’ 
phosphomonocleotides.  Take one of the most widely used exonucleases for example, 
Exonuclease I from Escherichia coli, catalyzes the removal of nucleotides from 
single-stranded DNA in the 3' to 5' direction.     
In contrast to exonucleases, endonucleases cleave the phosphodiester bond 
within a polynucleotide chain.  Restriction enzymes are endonuclease that recognize 
specific site of dsDNA and cleave the internal phosphate bond.  According to the 
basic enzymology, in particular the subunit composition, cofactor requirement, and 
mode of cleavage, restriction enzymes can be divided into three classes: Type I, Type 
II, and Type III.  The type II restriction enzymes that recognize defined DNA 
sequences (4 to 8 base pairs in length) and cleave the DNA within or close to the 
recognition sequence are perhaps the best studied among the nucleases, and show 
primary functions in “cut-and-paste” DNA molecules.  It should be emphasized that 
the specificity of restriction enzymes for their recognition site is very high.  Under 
most reaction conditions, even single base difference from the original composition of 




the design of many types of biosensors.[58-59] 
 
1.4.2 Polymerase  
DNA polymerases play an essential role in DNA replication.  They catalyze the 
synthesis of DNA molecules from monomeric deoxynucleoside triphosphate units.  
DNA polymerase can be widely used in molecular biology for many techniques, 
including labeling of DNA molecules, synthesis of double-stranded DNA, extending 
synthetic DNA sequences for gene synthesis, and amplifying limited quantities of 
DNA for analysis.  Different DNA polymerases are commercially available and the 
selection of a specific DNAzyme for a specific application depends on the reaction 
conditions and purposes of experiments.  For example, T4 DNA polymerase is used 
to label 3’ termini; T7 DNA polymerase has an active 5’-3’ polymerase activity; Taq 
polymerase is widely used in polymerase chain reaction (PCR) where thermostability 
is crucially needed.[60]  Phi29 polymerase derived from the bacteriophage phi29 
catalyzes both DNA polymerization reaction and degradative reactions, which is 
employed in this thesis.[61]  Besides, it can displace the complementary strand in 
double-stranded regions of a template molecule during DNA synthesis as well.  
These remarkable features make phi29 polymerase suitable for the technique of 
rolling circle amplification (RCA), an isothermal process, which is an important 
alternative for PCR especially when thermally instable substances are used.   






Ligases are the enzymes that catalyze the joining of nucleic acid molecules by 
formation the phosphodiester bonds using DNA or RNA as substrate.  In vivo, DNA 
ligases join the short DNA fragments formed during DNA replication, recombine 
genes, and possibly repair UV-damaged DNA.[62-64]  In vitro, DNA ligases can join 
cohesive DNA termini, blunt-ended dsDNA molecules, and seal the “nick” in DNA 
duplexes.  Two DNA termini resided on a double-stranded molecule (DNA:DNA or 
DNA:RNA) are usually the substrate for DNA ligase.[65-67]  The 5’ terminus should 
carry a phosphate group and the 3’ terminus carries a hydroxyl group.  Only T4 DNA 
ligase can ligate blunt-ended DNA molecules, while the reaction rate is relatively low.  
This enzyme can also ligate DNA at a mispaired 3’ base and DNA/RNA hybrids, but 
the activity reduced. E. coli. DNA Ligase is more specific for cohesive ends than T4 
DNA liagse, and will not join blunt ends or DNA to RNA under recommended 
conditions.  Taq DNA ligase is a thermostable ligase that can survive at as high as 90 
oC, thus is widely used in PCR and ligase chain reaction (LCR).[68]  
 
1.5 Applications of DNA/GNP-based sensor 
A landmark work on the assembly of oligonucleotide-modified nanoparticles 
driven by hybridization with specific DNA sequence was the early indication for the 
potential of DNA-based nanomaterials as biodetection agents.[69-70]  Specifically, 
Mirkin and coworkers used 13 nm gold nanoparticles modified by oligonucleotide to 








Figure 1.5 Properties of DNA/GNP-based sensor. In the presence of 
complementary target DNA a’b’, gold nanoparticles are reversibly aggregated, 
resulting in a change of solution color from red to blue. A sharp melting 
transition can be founded via UV-vis spectrum. The aggregation process can 




sensing.[71-73]  As shown in Figure 1.5, the addition of an target DNA that is 
complementary to the probe DNA leads to gold nanoparticle aggregation, which 
corresponds to the color change from red to purple.  So far, the sensitivity and 
selectivity of this technique have been enhanced to a large extent through the efforts 
of scientists.  Besides, the scope of target species has been expended from DNA to 
proteins, small molecules, metal ions, and even cells.  This detection system holds 
great promise in clinical diagnostics, drug discovery, and environmental contaminant 
analysis, once combined with other biological or chemical methods.  
 
1.5.1 Nucleic Acids 
DNA/GNP-based sensors used for detection of nucleic acids has been widely 
reported and reviewed.[74-75]  The basic format of colorimetric detection for nucleic 
acids is so-called “sandwich” structure that includes a target DNA and two sets of 
oligonucleotide-modified nanoparticle probes (Figure 1.5).  The target serves as a 
linker strand trigging particles aggregation and concomitant color change.  Further 
studies on this detection format find that the melting profile of the oligonucleotides 
modified on gold nanoparticles is much sharper than unlabeled or fluorophore-labeled 
oligonucleotides, showing a much more narrow temperature range (full width at half 
maximum, as low as 1 oC).[76-77]  The unanticipated sharp melting profile provides 
the “sandwich” format assays the higher selectivity in single-nucleotide 
polymorphisms detection than conventional molecular fluorophore-labeled structures.  




UV-vis absorbance or examining the color changes as a function of temperature.  It 
is believed that the sharp melting transition is resulted from the dense binding sites 
between the two particles and a subsequent multiple target-probe hybridization.[78]  
Accompanied with the novelty and unanticipated properties, the “sandwich” structure 
is limited by its sensitivity, with a detection limit in target concentration of nanomolar 
range.  A modest improvement was achieved when bigger size nanoparticles (50 or 
100 nm in diameter) were employed.[79]  Compared to the best result from 
fluorophore-based assays (typically in picomolar range), sandwich structure still 
shows its inferiority.[80]  Recently, many modifications have been employed to 
improve the sensitivity into picomolar range, offering colorimetric detection method 
high sensitivity besides high selectivity and simplicity.[81-85]  
In addition to DNA crosslinking induced nanoparticle aggregation, the protective 
effect of short single stranded DNA for citrate coated gold nanoparticles were also 
exploited to detect DNA.  This method was successfully used to detect sequences in 
PCR-amplified genomic DNA, where citrate coated gold nanoparticles were mixed 
with dehybridized genomic DNA and short oligonucleotide probes.[86-87]  If the 
probes are complementary to regions along the genomic DNA, salt-induced gold 
nanoparticle aggregation will be observed due to inability of duplex DNA in 
stabilizing gold nanoparticles.  The use of unmodified gold nanoparticles simplifies 
the detection procedure further by avoiding the attachment of DNA probes to gold 
nanoparticles, although the detection limit is lower than sandwich assay format.   















nanoparticle probe, and target also utilizes the exquisite selectivity that results from 
the sharp melting transitions of nanoparticle-labeled DNA (Figure 1.6).  After 
removal of the un-hybridized targets from the capture sites, the results can be read 
either colorimetrically by naked eyes or spectrophotometrically by instruments.  The 
attached oligonucleotide-modified gold nanoparticle probes can be stained via a silver 
amplification method and read by using a conventional flatbed scanner.[88]  This 
method provides the ability to discriminate a single-nucleotide-mismatched 
oligonucleotide sequence from targets with the selectivity beyond several 
conventional methods.  This heterogeneous approach for rapid genotyping of single 
nucleotide polymorphisms was also utilized in our group to quickly identify the 
precise location of a single-base mismatch in a DNA sequence.[89] 
 
1.5.2 Proteins 
Highly sensitive detection of proteins or enzymes is of great importance in the 
development of novel pharmaceuticals and medical diagnostic devices.  
Conventional protein detection methods commonly require preparation of 
high-quality antibodies and multiple washing steps, while the capacity for multiplexed 
targets detection is comparatively low.  Nanoparticle facilitated detection strategies 
provide an alternative way for quickly and sensitively detecting proteins.  The basic 
principle is the specific interactions between target proteins and the probes bound to 
nanoparticles (Figure 1.7a).  In a DNA/GNP-based sensor, single strand DNA probes 
















gold nanoparticles.  Then the target protein recognizes the DNA probes to induce the 
aggregation of nanoparticle system.  Various proteins including IgG1 (anti-biotin) 
and IgE (anti-dinitrophenyl) have been reported to be detected by using this 
method.[90]  Recently, the activities and kinetic parameters of enzymes have also 
been determined.[91]  Other than DNA probe, antibody was attached to the surface of 
gold nanoparticles as well to detect proteins in saline, serum, and whole blood.[92]  
Many other modified versions of DNA/GNP-based sensor were invented to detect 
proteins such as telomerase[93] and restriction endonucleases[94] in a simple, sensitive 
and universal way.   
  
1.5.3 Small molecules 
Aptamers are the synthetic oligonucleotides that have the capability of 
effectively binding to certain kinds of molecules (Figure 1.7b).  The strong affinity 
of aptamers to corresponding molecules makes them excellent probes for the 
detection of small molecules.  Aptamers are usually obtained from in vitro selection 
experiments, termed SELEX (systematic evolution of ligands by exponential 
enrichmen) in which the single-stranded DNAs are isolated from an extraordinarily 
large random sequence library of > 1013 or more members within as few as two 
weeks.[95-97] The oligonucleotides with highest affinity to molecule could be selected 
after repeated selection cycles.  
Since the report of the aptamer for ATP by Huizenga, et al., many small 




For example, coralyne can be detected in a simple method by utilizing Au 
NP-modified homo-adenine DNA conjugate, which could be selectively bound by 
coralyne in the formation of unique structure of double stranded A-rich nucleic 
acids.[100]  Fan and coworkers described a universal strategy based on label-free Au 
NPs for selective detection of ATP with naked eyes by using both anti-ATP aptamer 
and i-motif as the models.[101]  Mirkin and coworker developed a new type of rapid, 
highly selective, and sensitive colorimetric assay for detecting cysteine using gold 
oligonucleotide/nanoparticle conjugates.  Based upon the sharp melting profiles of 
this DNA/GNP format, the assay was easily read out with the naked eye or UV 
spectrometer.[102]   
  
1.5.4 Metal ions 
Monitoring the levels of metallic cations such as Hg2+, Pd2+, Cu2+, and UO22+ in 
the environment or the human body is very important.  For example, heavy metallic 
cations such as Hg2+, and Pd2+, UO22+ would have severe effects on public health, 
meanwhile some alkaline earth metal ions (e. g., Mg2+) plays a crucial role in 
enzymatic functions.  Colorimetric sensors using DNA-based sensors have been 
widely investigated for the sensitive detection of metallic ions so far.  
Lu group provided a particular elegant design for on-site and real-time detection 
for Pb2+ colorimetrically.[103]  In this assay, a DNA probe sequence containing a 
region of DNAzyme using Pb2+ as cofactor was modified on the surface of gold 










Figure 1.8 Schematic of the Hg2+ detection by using 14-nm NPs with





to cleave the linking strand. While in the absence of Pb2+, the DNAzyme hybridized 
with the linking strand, causing the aggregation of gold nanoparticles. Similar 
approach was employed to detect UO22+ by the same group as well.[104]  The 
formation of DNA- Hg2+ complexes through T (thymine) - Hg2+ -T was employed to 
develop the selective and sensitive detection of Hg2+.  Since the first mode for 
colorimetric mercury detection developed by Mirkin’s group, lots of research works 
have been published.[105]  Our group offered a simple method by changing the 
composition of DNA probe (Figure 1.8), which can be performed at room temperature 
without any equipment.[106]  Willner and co-workers improve the detection limit of 
Hg2+ to 0.2 ppb beyond the recorded methods.[107]  In addition to colorimetric 
detection, gold nanoparticle based fluorescence polarization assay has been reported  
by Yin and co-workers, which holds the great potential of routine high-throughput 
application.[108]   The high affinity of cytosine (C) towards Ag+ was also used to test 
the presence of silver ion.[109-110] 
Besides heavy metallic cations, other metal ions such as Li+, K+, Mg2+, Ca2+ and  
Cu2+ can also be detected colorimetrically by the DNA-based probes coupled with 
gold nanoparticles.[111-113]  Continued improvement of ligand design and DNAzyme 
selection are still needed for more sensitive and selective metallic ions detection.   
 
1.6 Summary 
Radioactive, fluorescent, and luminescent labeling are the dominating methods 




in clinical diagnosis of pathogenic and genetic diseases, environmental monitoring, 
chemical industry and bio-security.  Radioactive 32P or 35S labeled oligonucleotide 
probes provide exquisite sensitivity and have been commonly used to track target 
DNA.  However, radioactive materials are harmful to human health, and the 
experimental process requires specially trained personnel and carefully handling.  
Therefore, these radioactive methods have been gradually replaced by other 
non-radioactive signal transducers such as organic dyes, quantum dots, and 
fluorescent proteins, which detect targets by their properties of color, fluorescence, 
and luminescence.  These optical techniques have significant advantages, such as 
high sensitivity, exquisite selectivity, and adequate reliability.  However, they still 
have either limitations with respect to simplicity, or the need of expensive instruments 
to further enhance sensitivity. 
Gold nanoparticle is one of the most widely used alternative labels nowadays. 
Theoretically, the minimum number of particles that can be detected with naked eye 
on a white background is around 1010.  Thus, if each particle in this amount 
corresponds to one molecule, the amount of target molecule that can be detected is 10 
fmol.  But the amount likely to be present in a typical sandwich bioassay is much 
less than this value.  There is a significant gap between what can be detected and 
what actually needs to be detected in real samples.  
To bridge this gap and enhance the detection sensitivity of naked-eye assay, a 
series of DNA/GNP-based sensors were designed in this thesis.  These 




time-saving, and economical in operation.  The scope of this research included 
preparing DNA-gold nanoparticle conjugates, studying the enzyme manipulation 
efficiency based on gold nanoparticle-bound DNA templates.  These 
DNA/GNP-based sensors were applied for the detection of DNA targets and metal 
ions. The specific objectives of this thesis included: 
1) To design an enzyme-amplified DNA/GNP-based sensor for ultra-sensitive 
DNA detection and to study the sensitivity and selectivity of this method. 
2) To develop a dually amplified colorimetric DNA detection method based upon 
rolling circle amplification and nicking endonuclease reaction. 
3) To design a methylation specific ligase chain reaction to detect methylated 
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CHAPTER 2: Ultra-Sensitive Colorimetric DNA Detection via 
Nicking Endonuclease-Assisted Gold-Nanoparticle Amplification 
 
2.1 Backgrounds  
The ultra-sensitive detection of specific DNA sequences in ultra-low 
concentrations by using simple and inexpensive assays is very significant in clinical 
diagnostics, disease prevention, and biodefense applications.[1-2]  Conventional 
methods using radioactive 32P-labeled nucleic acid probes or polymerase chain 
reaction (PCR) coupled with molecular fluorophore assays offer high sensitivity of 
detection, but they suffer from several drawbacks including complex handling 
procedures, easy contamination, high cost, and lack of portability.[3-9]  In contrast, 
noble metal nanoparticle-based homogeneous colorimetric detection of 
oligonucleotides holds great promise for low cost, small volume, and rapid read-out of 
a target DNA sequence.[10-19]  Despite these attractions, a number of notable 
challenges associated with this detection system still exist, such as relatively low 
sensitivity and need of stringent control over melting temperatures for detection of a 
single base mismatch in DNA.  In addition, this system is generally limited to the 
detection of short single-stranded oligonucleotides.  Therefore, it should be highly 
desirable to develop a detection system that is not only simple, practical and 
economical in its operation, but also ultra-sensitive for oligonucleotides and long 
DNAs.  To achieve this motivation, we developed a homogeneous colorimetric DNA 




that is capable of recognizing long single-stranded oligonucleotides with single-base 
mismatch selectivity and a 103-fold improvement in amplification (~10 pM).  
 
2.2 Materials and synthesis 
2.2.1 Reagents and characterization 
All oligonucleotides (Table 2.1) were purchased from 1st BASE Pte Ltd, 
Singapore.  DNA was purchased in dry form, and was resuspended in ultrapure 
water to a storage concentration of 100 μM.  Nicking endonuclease Nt. AlwI, T4 
polynucleotide kinase (T4 PNK) and corresponding reaction buffers were purchased 
from New England Biolabs Inc.  Other chemicals were purchased from Sigma 
Aldrich.  The UV-vis spectra were obtained by a SHIMADZU UV-2450 
spectrophotometer.  A HP CM-10 transmission electron microscope (TEM) was 
performed to determine the size of gold nanoparticle.  Autoradiographic images were 
analyzed and quantified using the ImageQuant software.  
 
2.2.2 Preparation of gold nanoparticles 
Approximately 14 nm diameter gold nanoparticles were prepared by the citrate 
reduction of HAuCl4.[20]  All glassware was cleaned in aqua region (HCl:HNO3=3:1), 
rinsed with ultrapure water, and then dried prior to use.  An aqueous solution of 
HAuCl4 (1 mM, 50 mL) was brought to a reflux while stirring, the temperature range 






Table 2.1 Oligonucleotides used in this experiment 
Name Description Sequence 
a Probe DNA a 5’ATTCGATCCTTTCTA-SH3’ 
b Probe DNA b 5’ HS-CTAGAAGGACCTCTT3’ 
a’b’ Linker DNA 5’AAAGGATCGAATAAGAGGTCCTTC3’ 
t1 Target DNA 1 5’GAAGGACCTCTTATTCGATCCTTT3’ 
t2 Target DNA 2 5’GAAGGACCTCTTATTCGCTCCTTT3’ 
t3 Target DNA 3  5’GAAGGACCTCTTATTCCATCCTTT3’ 
t4 Target DNA 4 5’GAAGGACCTCTTATTCGAACCTTT3’ 
t5 Target DNA 5 5’CAGTATGAAGGACCTCTTATTCGATCCTTTGAAT
CA3’ 
t6 Target DNA 6 5’AAATCTCAGTATGAAGGACCTCTTATTCGATCCT
TTGAATCAGCAGGA3’ 









citrate solution was added quickly, which results in a change in solution color from 
pale yellow to pale black.  After another 10 minutes stirring, the solution color 
shifted to deep red.  Then the solution was refluxed for an additional 30 min, 
allowed to cool to room temperature, and subsequently filled into tubes for further 
experiments.  Results from transmission electron microscope (TEM) and UV-vis 
spectrophotometer showed that the average diameter of these gold nanoparticles was 
14 nm and the characteristic surface plasmon band was 520 nm.  
 
2.2.3 Preparation of DNA/GNP probes  
Gold nanoparticle probes were prepared according to reference.[17]  The 3’- or 
5’-terminal disulfide groups of the oligonucleotide strands were first cleaved by 
soaking them in a 0.1 M dithiothreitol (DTT) phosphate buffer solution (0.1 M 
phosphate, pH 8.0) for 2 hours and subsequently purified on a NAP-5 column (GE 
Healthcare).  To 4.5 mL of gold colloid solution is added 12 nmol of the purified 
oligonucleotide.  The solution is brought to 0.3 M NaCl, 10 mM NaH2PO4/Na2HPO4, 
pH 7 buffer (0.3 M PBS) gradually by adding aliquots of 5 M NaCl and 0.1 M 
NaH2PO4/Na2HPO4, pH 7 buffer solutions every 4 hours.  After 48 hours, the 
nanoparticle solutions were centrifuged and redispersed in 0.3 M NaCl, 0.01 M 
phosphate buffer.  
 
2.2.4 Calculation for the concentration of DNA/GNP probe in solution 




measured absorption at 520 nm and published values for extinction coefficients of the 
unmodified particles.[21]  The detailed method is described as follows. 
According to Beer-Lambert Law,  
Absorbance = - log10(I1/I0) = ε LC 
L:  the cuvette length 
C:  concentration of Au particles probe 
ε:  the molar extinction coefficient of Au particles 
Absorbance =ε LC  
C = Absorbance/(ε L) 
C = 1.82 / (3.6x108cm-1M-1x1cm) 
C = 5.1 nM 
Final concentration of DNA-Au probe is about 2 nM. (Considered that 2 probes, 
target DNA and mercuric ions were added, diluted by 2.5 times). 
 
2.2.5 Electrophoresis of DNA 
Polyacrylamide gels were prepared with different concentration of acrylamide by 
weight in buffer.  Samples were diluted with ¼ volume loading buffer containing 
95% v/v formamide, 18 mM EDTA, 0.025% SDS, 10% w/w xylene FF and 
bromophenol blue and then loaded into the appropriate well.  Gels were run at 800V 






2.2.6 Label of DNA by [γ-32P] ATP 
An oligonucleotide strand with free 5’-hydroxyl terminus was labeled with [γ-32P] 
ATP at the 5’ end in the presence of T4 polynucleotide kinase (T4 PNK) at 37oC for 1 
hour, with the buffer condition of 70mM Tris-HCl, 10 mM MgCl2, 5 mM 
Dithiothreitol.  The labeled oligonucleotide was purified via electrophoresis through 
a denaturing 20% polyacrylamide gel.  The slice of band containing 32P-labled linker 
oligonucleotide strand was cut out of the gel and eluted by soaking in 10 mM 
Tris-HCl (pH 7) for 2 hour, followed by purification with gel filtration 
chromatography (NAP-25, GE Healthcare) eluted with ultra-pure water. 
 
2.2.7 Endonuclease-assisted oligonucleotide sequence detection 
In a typical detection procedure, a solution containing 1 μL of NEBuffer 2 (New 
England Biolabs), 1 μL of a linker DNA strand (a’b’; 1 pmol), and 1 μL of a specified 
amount of target DNA were added to a PCR tube.  Upon incubation at 58 °C for 5 
min, a NEase (1 μL Nt.AlwI; 10 units) was added to the solution in a total volume of 
10 μL.  After standing for 2 h, the resulting mixtures were heated at 80°C for 20 min 
to deactivate the nicking enzyme, followed by the addition of a mixture containing 40 
μL of two different 15-base oligonucleotide modified gold nanoparticle probes a and 
b.  The colorimetric response of the solution was recorded by a digital camera in 30 
min and parallel compared to a control with no added target DNA.  Target 





2.2.8 Melting analysis  
To determine the optimum concentration of the linker DNA strand for notable 
colorimetric response, thermal melting analyses were carried on the aggregated 14 nm 
modified gold probes using a SHIMADZU UV-2450 spectrophotometer equipped 
with a SHIMADZU temperature controller.  Gold probe/linker oligonucleotide 
(5’-AAA-GGA-TCG-AAT-AAG-AGG-TCC-TTC-3’) solutions were prepared by 
adding different amounts of the linker oligonucleotide (1, 2 and 4 pmol) to a 40 μL 
solution containing a 1:1 ratio of gold particle probes a and b (2 nM each).  Each of 
these solutions was then diluted to 100 μL with a 0.3 M NaCl, 10 mM phosphate 
buffer (pH=7).  The final concentration of the linker strand in each solution was 10, 
20 and 40 nM, respectively.  After standing at room temperature for 3 h, the 
solutions were diluted into 200 μL with the same buffer solution.  UV―vis spectra 
were subsequently recorded by monitoring the extinction at 520 nm for the dispersed 
particle probes, as the temperature was increased from 25 to 70°C with a holding time 
of 1 min/deg. 
 
2.2.9 Polyacrylamide gel electrophoretic analysis 
The linker strand-scission process was monitored by denaturing PAGE with 
autoradiography.   In a typical experiment, a linker oligonucleotide strand (a’b’: 5’- 
AAA-GGA-TCG-AAT-AAG-AGG-TCC-TTC-3’) was first labeled with [γ-32P] ATP 
at the 5’ end and purified with NAP- column.  The purified 32P-labled linker strand 




5’-GAA-GGA-CCT-CTT-ATT-CGA-TCC-TTT-3’; 100 pM).  Upon incubation at 58 
oC for 5 min, a NEase (1 μL Nt.AlwI; 10 units) was added to each of these solutions.   
Reactions were then stopped at different time intervals (1, 5, 10, 30, 60, 120 min) by 
the addition of 10 μL of denaturing loading buffer.  The reaction products were 
analyzed by electrophoresis in a 15% polyacrylamide gel. 
 
2.3 Method 
In conventional homogenous nanoparticle-based colorimetric DNA detection, a 
three-component sandwich assay format that includes a target DNA and two sets of 
oligonucleotide-modified nanoparticle probes is typically used.  The target DNA 
also serves as a linker DNA strand which triggers particle aggregation and a 
concomitant colour change.  Thus, the colorimetric detection limit is directly 
associated with the minimum number of the linkers required to initiate particle 
aggregation that can be visualized with the naked eye.  At low linker concentrations, 
nanoparticle aggregates do not exhibit sharp colorimetric melting transitions (Figure 
2.1).  Larger particle probes and reduced oligonucleotide surface coverage can 
improve assay sensitivities, but the rate of sedimentation of larger particles becomes 
more significant.[15]   
To increase the sensitivity of homogeneous nanoparticle-based assays, we have 
developed a detection system containing an additional oligonucleotide strand as the 
linker and a nicking endonuclease (NEase) (Figure 2.2A).  Unlike restriction 








Figure 2.1 a) Thermal denaturation profiles for aggregated 2 nM 14-nm gold
nanoparticle solutions (1:1 gold probe ratios) in the presence of a linker strand at
different concentrations (0, 10, 20, and 40 nM). b) Photographs showing
corresponding colorimetric responses of the solutions. Note that when the
concentration of the linker strand is decreased to 10 nM, the melting profile exhibits








Figure 2.2 a) Nicking endonuclease-assisted nanoparticle amplification for target
DNA detection; b) Alternative target DNA detection design via NEANA. A
four-component sandwich assay format was examined for the detection of a




DNA and cleaves only one of the two strands.[22-24]  In our detection system, the 
fragments of the linker strand spontaneously dissociate from the target DNA at an 
elevated temperature.  Subsequently, another linker strand hybridizes to the target to 
continue the strand-scission cycle, resulting in cleavage of a large molar excess of 
linkers.  Upon completion of the strand-scission cycle, two sets of different 
oligonucleotide modified gold nanoparticles with sequences complementary to that of 
the linker strand are added to the solution to detect the presence of a target DNA.  If 
the linker DNA is non-complementary to the target DNA, particle aggregation shall 
occur.  An undetectable amount of target DNA by the conventional approach may 
become detectable through this dual signal amplification process. 
A four-component sandwich assay format was also examined for colorimetric 
DNA detection (Figure 2.2B).  The lower sensitivity obtained is probably due to 
inefficient cleavage of the linker strand from inhomogeneous nicking reactions by 
particle probe aggregation. 
 
2.4 Results and discussion 
2.4.1 Feasibility and sensitivity 
To test the feasibility of our system for DNA detection, we first prepared various 
concentrations (1 pmol, 0.1 pmol, 0.01 pmol, 1 fmol and 0.5 fmol) of a 24-base 
single-stranded target DNA (designated as t1) containing the recognition sequence 
(-GATCC-) of a NEase (Nt.AlwI).  A single-stranded linker DNA (a’b’; 1 pmol) 







Figure 2.3 Photograph showing colorimetric responses of a NEANA detection system
that comprises a linker strand a’b’, Nt.AlwI, probes a and b in the presence of various
concentrations of a single-stranded target DNA (t1). The labeled concentrations (20
nM, 2 nM, 200 pM, 20 pM and 10 pM) are calculated final target concentrations in




solutions.  Upon incubation at 58oC for 5 min, the NEase (10 units) was added to the 
solutions.  After standing for 2 h, the resulting mixtures were heated at 80oC for 20 
min to deactivate the nicking enzyme, followed by the addition of a mixture 
containing 40 μL of two different 15-base oligonucleotide-modified gold nanoparticle 
probes (a and b).  As anticipated, no apparent particle aggregation was detected for 
all solution samples even after prolonged (> 30 days) storage (Figure 2.3), indicating 
the cleavage of the linker strand by the NEase through the repeated target-templated 
strand-scission cycles.  In contrast, precipitation of the aggregates was readily 
observed in the absence of the target strand in solution (Figure 2.3).  
The progress of target-templated cleavage of the linker DNA was further 
confirmed by [32P]-labeled denaturing polyacrylamide gel electrophoresis (PAGE; 
Figure 2.4a).  The PAGE analysis shows that, under our experimental conditions, the 
NEase cleaves approximately 80% of the linker strands in 30 minutes (Figure 2.4b).  
Importantly, the uncleaved linker strands are unlikely to generate a false hybridization 
signal as the concentration of the linker strand is far below the threshold level of 
around 10 nM for triggering visible particle aggregation.  It should be noted that in 
the absence of the NEase, low target concentrations (< 2 nM) will not interfere with 
the hybridization between the gold nanoparticle probes and the linker strand.  
 
2.4.2 Detection specificity and feasibility for long-stranded target     
To validate sequence-specificity of the detection system, we prepared several 








Figure 2.4 Oligonucleotide cleavage assays by NEase (Nt. AlwI; 10 units). a)
Autoradiogram of polyacrylamide gel separated products obtained from a cleavge
experiment over time (0-120 min). Lane 1 (control): linker strand (a’b’; 1 pmol) with 
no target DNA added. Lane 2-8: linker strand in the presence of a target DNA (t1: 
100 pM). b) Plot of data obtained from counting the radioactivity in the product band
















Figure 2.5 Photographs showing colorimetric detection of various target DNA
strands. a) Oligonucleotides (t2-t4) with different single mismatches at the NEase
recognition site and b) Oligonucleotides (t5-t7) with different base numbers. The 





recognition site.  We found that a single mismatch is sufficient to inhibit the 
cleavage of the linker strand.  In all cases, the mismatched target strands were 
complementarity between the target DNA and the linker strand at the NEase 
recognition site and sufficient complementarity beyond the NEase recognition site to 
allow efficient hybridization.  In addition to detection sensitivity and sequence 
specificity, this approach also demonstrates remarkable generality for target DNA 
with varied base numbers.  One of the major challenges for conventional 
nanoparticle-based three-component sandwich assay lies in the detection of long 
single-stranded DNA sequences.  It generally requires an increase in the length of 
the particle probes as the base number of the target strand increases. For relatively 
long stranded oligonucleotide-modified nanoparticles, colloidal instability and 
cross-hybridization interference between parts of the particle probes become 
significant problems.  In contrast, a fixed set of particle probes and a linker strand in 
our system can be readily extended to detection of long DNA strands containing 
NEase recognition sites.  As shown in Figure 2.5b, colorimetric detection of a range 
of oligomers (36mer, 48mer, and 80mer) was achieved within several hours without 
the need of modifying the particle probes. 
 
2.5 Summary  
In summary, we have demonstrated homogeneous, colorimetric DNA detection 
through use of a novel endonuclease-assisted method that utilizes a combination of 




convenience and ultrahigh detection sensitivity and selectivity, while providing 
additional detection versatility for long stranded DNA sequences.  The unoptimized 
system provides a colorimetric detection limit of 0.5 fmol for a single-stranded 
oligonucleotide within several hours.  Although only a few naturally occurring DNA 
nicking endonucleases are currently available, this approach may prove particularly 
useful for rapid detection of point mutation or single nucleotide polymorphisms.         
The approach could be further improved in the detection sensitivity by combined 
with luminescent particle probes[25-35] (e.g., quantum dots and upconversion 
nanoparticles) and advanced analytical techniques[36-52] (e.g., chip-based scanometric 
assays and electrochemical methods).  More importantly, upon modification, the 
approach presented herein could also be extended to detect a broad range of other 
targets including biological macromolecules, aptamer-binding small molecules, and 
metal ions at ultra-low concentrations.[53-60]  
Despite of these attractions, these methods still have some challenges in the assay 
format, which can be further improved by changing the design.  For example, one of 
limitations is that the target DNA has to contain a fragment of recognition sequence 
for nicking endnuclease docking, which obviously limits this approach to be used in 
some genotyping applications.  An extended design combined rolling circle 
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CHAPTER 3: Dually Amplified Colorimetric DNA Detection by RCA 
(Rolling Circle Amplification) and Nicking Endonuclease Reaction 
 
3.1 Backgrounds  
Raised by the increasing availability of genomic DNA sequences, the ability to 
sense and detect ultralow concentrations of various DNA sequences has been in strong 
demand for molecular diagnostic assay.[1-2]  The common detection approaches have 
been developed based on hybridization, which require small oligonucleotides as 
probes to recognize specific sequences in target DNA and specifically hybridize to the 
target regions as part of the detection process. These techniques, such as microarray,[3] 
polymerase chain reaction (PCR),[4] Southern blotting,[5] rolling circle amplification,[6] 
and many others,[7] have both strength and weakness.  For example, PCR is a 
specific and highly sensitive approach, but it requires stringent isolation and 
purification pre-processing procedures to avoid false negatives.[8-10]  Besides, 
fragment separation based upon gel electrophoresis assay is labor intensive and 
difficult to apply to high throughput genotyping studies.[11]  Some other 
non-gel-based detecting techniques such as microarray are very specific but not so 
sensitive as PCR.  Continuous development of detecting techniques by using simple 
and cost effective assays is still urgently needed. 
Metal nanoparticle-based colorimetric detection of oligonucleotides holds great 
promise for convenient and rapid bioassays, due to their unique optical and surface 
properties like size-dependent surface Plasmon resonance absorption and 




nanoparticles have been explored for both chemical and biological assays based on 
the discriminated effects of different DNA structures on the optical or surface 
properties of gold nanoparticles.  Although these approaches have the advantages 
such as easily reading out with naked eye, they are limited in certain application such 
as low concentration and point mutation detection without stringent temperature 
control.[21]  It has been demonstrated that ultra-low concentration and single 
nucleotide polymorphism detection can be achieved by nicking endonuclease-assisted 
nanoparticle amplification (NEANA) approach in our previous study (Chapter 1).[22]  
In this method, nicking endonuclease was employed to cleave linker strand that 
induced aggregation of DNA-modified gold nanoparticles in a three-component 
sandwich structure.  The cleavage of a molar excess of linker strands based on 
limited amount of target DNA strands was achieved at an elevated temperature.  
DNA-modified gold nanoparticles were used to detect the presence of target DNA 
colorimetrically.  NEANA approach showed much higher sensitivity than traditional 
homogenous nanoparticle-based colorimetric DNA detection, whereas it is not 
applicable to all sequences, since the target DNA should contain a specific sequence 
for a specific nicking endonuclease docking.  This limitation narrows the applicative 
extent of NEANA approach.  
To solve this limitation, padlock probe method and rolling circle amplification 
(RCA) are employed.  Padlock probes are linear oligonucleotides that comprise one 
target-complementary sequence at each end, typically used for target identification 




a nick between the ends.  If properly hybridized, this nick is recognized and sealed 
by a DNA ligase in a strictly target-sequence-dependent manner.  The resulting 
circularized padlock serves as the template for RCA reaction in the presence of a 
suitable DNA polymerase and deoxynucleotide triphosphate (dNTPs).  RCA is an 
isothermal, enzymatic amplification mediated by DNA polymerases, in which long 
single-stranded DNA (ssDNA) molecules that contain many copies of complement 
sequence of padlock template are synthesized by using a single DNA primer.[23-28] 
Herein, padlock probe and RCA were integrated with NEANA approach, for the 
purpose of detecting any DNA sequence without specific nicking endonuclease sites 
and boosting the sensitivity further based on NEANA approach.    
 
3.2 Materials and synthesis 
3.2.1 Reagents and characterization 
Citrate-coated 13 nm Gold nanoparticles were prepared by the citrate reduction of 
HAuCl4.  DNA/Gold nanoparticle probes were prepared according to reference (See 
Chapter 2).[29]  All enzymes and reaction buffers were purchased from New England 
Biolabs Inc.  Phosphate buffer, Tris-HCl buffer and chloride solution were obtained 
from 1st Base Pte Ltd, Singapore.  [γ-32P]ATP was purchased from Perkin Elmer.  
Unless stated otherwise, all other reagents and solvents were purchased from Sigma 
Aldrich and were used without further purification.  UV-vis absorption measurement 
was taken using a SHIMADZU UV-2450 spectrophotometer.  Polyacrylamide gel 




ImageQuant software.  
AFM was carried out using a MultimodeTM atomic force microscope (Veeco, 
Santa Barbara, CA).  DNA under investigation was fixed to the surface of crystal 
mica by the addition of ions of two-valent metals.[30-31]  20 μL of ssDNA product 
was deposited onto freshly cleaved and discharged mica, followed by rinse with 
distilled water then blown dry with dry nitrogen.  Images were collected typically at 
ambient humidity at room temperature.  
 
3.2.2 DNA sequences design 
Table 3.1 shows the sequences of DNA strands used in experiments.  The assay 
mechanism requires the padlock probe to be consisted of three parts: target-binding 
sequences at both ends (underlined letter), primer-binding sequence (bold letter), 
sequence (in lower case) identical to the sequence of link probe with the recognition 
size of Nt.AlwI inside.  After DNA-primed initiation, DNA is continuously 
synthesized by the phi29 polymerase in 5’-to-3’ direction complementary to the 
template strand.  It should be noticed that in the case of linear template molecule, 
Phi29 polymerase can still adds nucleotides to the template strand.[32]  The synthesis 
is completed at the end of the template, without circular replication (Figure 3.1).  In 
order to avoid the formation of complementary sequence of linker probe in control 
experiment where circular padlock probe cannot form, the primer-binding sequence 
(green) was designed to locate in front of link probe binding sequence (red) in  





Table 3.1 Oligonucleotides used in this experiment 
Name Description Sequence 
Padlock L Padlock probe 
5'-AAA TCT CAG GTC GAT CGA GCA GGA 
TGC AGG TGA GGA TCA TTA CGT aaa gga tcg 
aat aag agg tcc ttc ACA GAA TGC CCA GCA 
GGA-3' 
T1 Target DNA 1 
5'GCA TCG ACC TGA GAT TTT CCT GCT GGG 
CAT TCA C 3' 
Primer RCA primer 5’-AAA GGA TCG AAT AAG AGG TCC TTC-3 
pBA Linker DNA 5’-AAA GGA TCG AAT AAG AGG TCC TTC-3 
pBAc5 Probe DNA 5 5’-ATT CGA TCC TTT CTA -(CH2)3-S-S-3’ 
pBAc3 Probe DNA 3  5’-S-S- (CH2)6-CTA GAA GGA CCT CTT-3’ 
mm1 
Mismatched 
target DNA 1 
5'-GCA TCG ACC TGA GAT TTA CCT GCT 
GGG CAT TCA C-3' 
mm2 
Mismatched 
target DNA 2 
5'-GCA TCG ACC TGA GAT TTT GCT GCT 
GGG CAT TCA C-3' 
mm3 
Mismatched 
target DNA 3 
5'-GCA TCG ACC TGA GAT TTT CGT GCT 
GGG CAT TCA C-3' 
mm4 
Mismatched 
target DNA 4 
5'-GCA TCG ACC TGA GAT TTT CCA GCT 
GGG CAT TCA C-3 
mm5 
Mismatched 
target DNA 5 
5'-GCA TCG ACC TGA GAT TTT CCT CCT 




















prime-binding section and terminates at the 5’ end of Padlock L, without duplication 
of linker strand.  The purpose of this design is to make sure that no complementary 
sequence of linker probe synthesized, leading to interferential signal in the control 
experiment.  DNA strands were labeled by [γ-32P] ATP and separated by gel 
electrophoresis (See Chapter 2).[33] 
 
3.2.3 Circularization reaction of linear RCA padlock DNA 
87-mer linear padlock L was first labeled at its 5’-end with [γ-32P] ATP. A 
mixture containing 50 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM ATP, 10 mM 
dithiothreitol, 25 lg/ml BSA, 10 μM 32P-labeled and 5’ phosphoryl 87-mer linear 
padlock, and 10 nM Target 1 DNA were then kept at 95 °C for 5 min and further 
allowed to cool down to 16 °C.  After that, 1 μL of T4 DNA ligase (400,000 
cohesive end units/mL) was added and the new mixture was further incubated at 
16 °C for 2 hours. 
 
3.2.4 Confirmation of circularity of Padlock L via Exonuclease I digestion 
[γ-32P]-Labeled reaction products mixed with 20 mM Tris-acetate, 50 mM 
potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol, 20 units of T7 
exonuclease were incubated at 37 °C for 30 minutes before loading to PAGE. 
 
3.2.5 Rolling circle amplification 




1pmol primer,  10 μmol dNTP, 50 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM 
MgCl2 ,4 mM Dithiothreitol to initiate reproduction and incubated for 2 hours. 
 
3.2.6 Nicking endonuclease assisted nanoparticle amplification 
After RCA reaction, 1.5 μL of RCA product were added into the solution 
consisted of 3 pmol pBA, 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM 
Dithiothreitol, and 10U Nt. AlwI to start the nicking reaction at 60 oC.  At last, 50 μL 
of two different 15-base oligonucleotide-modified gold nanoparticle probes were 
added into each sample to observe the nicking reaction. 
 
3.3 Method 
The working principle of our approach is illustrated in Figure 3.2. As shown in 
this figure, the end-segments of the 87-mer linear oligonucleotide (Padlock L) are 
complementary to two consecutive sequences in target strand.  If both ends are 
properly hybridized, the ends can be joined in a ligation reaction, forming a closed 
circular probe (Padlock C) as the template for RCA. After the annealing of a specific 
primer (green curve) to Padlock C, phi29 polymerase incorporate nucleotides in 
5’-to-3’ direction complementary to the circular template.  The RCA process results 
in large ssDNA molecules consisting of repeated complement copies of the padlock 
template.  The sequence of linker strand (red curve) which contains a specific 
sequence for the nicking endonucleoase recognizing is firstly designed to embed into 







Figure 3.2. Working scheme of RCA coupled NEANA approach for target DNA 
detection. The central element in RCA is the padlock probe, which contains a target
recognition sequence at its two ends, and a sequence (red color) identical to the
linker probe in the middle. The linker probe contains a nicking endonuclease 
recognition sequence. At the first step, a padlock hybridizes at two ends to target
DNA (yellow color) and is circularized by DNA ligase. At RCA step, a primer binds
to the circularized padlock probe, and is extended by DNA polymerase, producing a 
long single-stranded DNA composed of tandem copies of complementary sequence
(red color) for linker probe. At nicking step, each red color sequence acts as a mobile
catalytic site, and leads to the nicking of many linker probe in the presence of
nicking endonuclease. Finally, two sets of oligo-modified gold nanoparticles probes 





is complementary to the linker strand, and each copy can hybridize with one linker 
DNA strand.  When the nicking endonuclease is added to the mixture containing 
linker stands and RCA synthesized ssDNA molecules, linker strands can be nicked 
simultaneously at many sites along RCA synthesized ssDNA molecules.  Upon 
completion of the strand-scission, two sets of different oligonucleotide-modified gold 
nanoparticles with sequences complementary to that of the linker strand are added to 
the solution.  If proper target DNA exists, no aggregation of gold nanoparticles will 
be observed due to the cleavage of linker strand.  On the other hand, if no proper 
target DNA exists, the gold nanoparticles will aggregate obviously.  In former 
NEANA approach, one target only contains one nicking site for nicking endonuclease 
recognizing.  While utilizing RCA, one target strand can produce thousands of 
nicking sites through RCA, which extraordinarily amplify the detection signal.  In 
addition, the two ends of padlock probe can be adjusted for detecting any sequence of 
interest, without the excess modification for linker strand and 
oligonucleotide-modified gold nanoparticles.  Thus, one fixed sets of linker strand 
and oligonucleotide-modified gold nanoparticles can be applied to detect any DNA 
sequences without the pre-requirement of specific sequences for nicking 
endonucleases.  
 
3.4 Results and discussion 
We first verified the hybridization between Padlock L and target DNA and the 




products which was labeled with [γ-32P] in a 10% denaturing polyacrylamide gel 
electrophoresis (PAGE).  The product of RCA was characterized by atomic force 
microscopy (AFM).  The cleavage of linker strand by nicking endonuclease using 
RCA product as template was confirmed by analyzing [γ-32P]-labeled linker strand in 
20% denaturing PAGE further.  Finally, the ability of RCA coupled NEANA 
approach was explored as a method to colorimetrically detect any DNA or RNA 
sequence of interest without specific recognition site for nicking endonulease.  The 
sensitivity and specificity of this method were demonstrated as well.  
 
3.4.1 Enzymatic ligation analyzed by electrophoresis 
Padlock L was accordingly phosporylated at its 5’ end with [γ-32P] in the 
presence of T4 polynucleotide kinase and further purified by polyacrylmide gel 
electrophoresis and gel chromatography in our studies.  In order to allow the 
formation of circular Padlock C, the linear oligonucleotide was first annealed with the 
target DNA (T1) at 16 oC in the presence of 50 mM Tris-HCl, 10 mM MgCl2, 1 mM 
ATP, 10 mM Dithiothreitol.  Since the two termini of Padlock L were designed to 
contain fully complementary sequence with the middle section of targeted DNA 
sequence, the linear padlock probe would bend into a ring with a nick locating at the 
juxtaposed termini.  Subsequently, E. coli. DNA ligase sealed the nick by forming 
covalent bond, resulting in a complete single strand DNA ring (Padlock C) serving as 
the template of subsequent RCA reaction.  The formation of circular DNA was 








Figure 3.3 Polyacrylamide gel electrophoretic analysis of formation of circularity of 
padlock probe in its backbone. Lane 1. 32P labeled 5’ phosphorylated 87-mer linear 
padlock probe precursor alone; Lane2. Ligation reaction of padlock probe catalyzed 
by E. coli. DNA ligase lasting for 2 hours. Lane 3. the product of ligation reaction in 




that depends upon their size under the same charge, with long linear structure passing 
more readily than circular structure through the pores in the gel.[34]  Thus, in a PAGE 
gel image (Figure 3.3), circular DNA gives a discrete band to that of linear DNA 
(upper band in Lane 2).  Lane 1 shows the band of linear Padlock L in control 
experiment without T1.  The absence of Padlock C band in Lane 1 demonstrated the 
essential role of T1 in the formation of Padlock C.  The PAGE analysis from the 
radio volume of each band in Lane 2 shows that, under our experimental conditions 
(10U E. coli. DNA Ligase, 2 hours), approximately 60% of the Padlock L was 
circularized to form Padlock C.  The circular nature of this newly formed 
oligonucleotide in its backbone was subsequently further confirmed by examining its 
resistance to hydrolysis by Exonuclease I,[35]  which can catalyze the removal of 
nucleotides from ssDNA in the 3' to 5' direction.[36]  Double-stranded or circular 
DNA cannot be degraded by Exonuclease I.  In the product of ligation with the 
addition of Exonuclease I (Lane 4), the majority of Padlock L was digested as 
confirmed by the diminishing linear 87-mer band.  In contrast, circular Padlock C 
kept intact. 
 
3.4.2 RCA product analyzed by AFM 
After ligation, the solution containing circular Padlock C was mixed with a 
certain amount of RCA primer DNA, deoxynucleotide triphosphate (dNTP) and Phi29 
polymerase for RCA at 30 oC.  After incubation for 2 hours, long ssDNA molecules 








Figure 3.4 AFM image of the PCA product. a) single strand DNA product deposit on 
mica, the length of which was at least several hundred nanometers; b) the RCA 
products hybridized to the original template padlock probe deposit on mica. ssDNAs 




produced in the RCA stage.  Phi29 DNA polymerase was chosen beyond other DNA 
polymerase used in RCA because of its capacity to perform strand displacement DNA 
synthesis for more than 70,000 nt without dissociating from the template, and its 
stability which allows efficient DNA synthesis to continue for many hours.[37]  The 
products were observed on the surface of mica substrate under atomic force 
microscope.[38]  The tortuous feature of the ssDNA molecule is imaged by AFM 
rather than other electron microscopy, because DNA is visualized by AFM without 
fixation, staining or shadowing by heavy metals, which are essential to electron 
microscopy imaging of DNA.[39]  Figure 3.4 shows the AFM images of ssDNA 
products in RCA reaction.  Quite a lot of long ssDNA molecules consisted of 
thousands of nucleotides were observed as shown in Figure 4a.  Due to the flexibility 
of ssDNA, most ssDNA curled together into a compact ball on the surface of mica.  
The ssDNA products from RCA were then hybridized to the complementary strands 
(Padlock L) into a double strand and the resulting nicks were closed by ligation before 
deposited on mica.  The agglomerates of ssDNA in Figure 4a were disbanded due to 
the rigidity of DNA duplex (Figure 3.4b).  The height of ssDNA and dsDNA is 
around 400 nm and 600 nm, respectively.  The AFM images showed the resulting 
ssDNA molecules with lengths of several hundred nanometers up to a few 
micrometers, demonstrating the successful generation of long ssDNA from a starting 






3.4.3 Enzymatic cleavage of linker strand analyzed by electrophoresis 
In the following stage, we labeled linker DNA with [γ-32P] ATP to trace the 
circular repeated scission of linker strand.  The labeled linker DNA, with a sequence 
complementary to that of long ssDNA resulting from RCA was pre-incubated with the 
solution containing RCA products and 1×NEBuffer 2 at 60 oC for 5 minutes.  After 
that, the nicking endonuclease (Nt. AlwI) was added to perform the cleavage of linker 
strands.  Because the cleavage reaction is carried out at a temperature around the 
melting temperature of the linker DNA, the cleaved linker DNA can rapidly dissociate 
from the ssDNA from RCA.  Due to the high concentration of linker probe, the 
intact linker probe predominated over the cleaved probe in hybridizing to the single 
stranded DNA. [40-42]  The cycle of cleavage-dissociation-hybridization led to the 
cleavage of a molar excess of linker probe. The progress of RCA product-templated 
cleavage of the linker DNA was confirmed by 20% denaturing PAGE (Figure 3.5).  
The PAGE analysis results showed that, under our experimental conditions (10 U Nt. 
AlwI, 10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, 1 mM dithiothreitol, 60 oC, 2 
hours), the nicking endonuclease cleaved more than 90% of the linker strands within 2 
hours (Lane 2 and 3).  Lane 1 is the control experiment that contains no T1 in the 
first step forming Padlock C.  It should be noted that additional BSA was avoided in 
all the steps, considering the protective effect of protein from the aggregation of gold 











Figure 3.5 Polyacrylamide gel electrophoretic analysis of Oligonucleotide cleavage 
assays by nicking endonuclease. Lane 1. 32P labeled 5’ phosphorylated Linker strand 
alone. Lane 2. Cleavage reaction of linker strand using RCA product as template. BSA 
was added in the ligation and RCA steps.  Lane 3. Reactions with no BSA added in 




3.4.4 Colorimetric response of RCA coupled NEANA detection 
To test the feasibility of colorimetric DNA detection of the extended method, a 
solution containing a 87-mer Padlock L (10 nM), 1×NEB E. coli. Ligase buffer and a 
34-mer T1 was added into a tube first.  The target DNA contained no recognition  
sequence for nicking endonuclease recognition, the concentration of which varied 
from 1 nM to 1 pM in four solutions.  The one containing no T1 was considered as 
control experiment.  The reaction mixtures went through ligation step in the presence 
of E. coli. DNA ligase for 2 hours after annealing from 95 oC to 16 oC.  Following 
that, certain amount of the reaction solution was subsequently extracted and mixed 
with 1×phi29 polymerase (NEB) buffer, primer DNA (50 nM), dNTP (10 μM) and 
phi29 polymerase for RCA at 30 oC for 2 hours.  Part of RCA product was then used 
as template for nicking endonuclease recognition in the presence of 1×NEBuffer 2, 
linker DNA (3 pmol) and Nt. AlwI.  In the last step, two different 15-base 
DNA-modified gold nanoparticle probes were added for color change observing, with 
results shown in Figure 3.6a.  As anticipated, no apparent particle aggregation was 
observed for all solution samples containing target DNA strands (Figure 3.6a, b-e), 
which indicated the cleavage of the linker strands by the nicking endonuclease 
through the repeated RCA product-templated strand-scission cycles.  In contrast, 
precipitation of the aggregation was observed in the solution in the absence of target 
DNA (Figure 3.6a, a).  UV-vis absorption spectroscopy also confirmed the color 
change for control experiment (Figure 3.6b).  In the spectroscopy, no red shift was 







Figure 3.6 Photograph showing colorimetric response and UV/Vis spectra of RCA 
coupled NEANA detection system. a) Sensitivity for target detection. The labeled 
concentrations (1nM, 100pM, 10pM, and 1pM) were calculated the initial 





occurred in the control experiment.  Herein, we could easily detect the target DNA in 
1 pM.  When the target concentration dropped to 100 fM, the gold nanoparticles 
would aggregate after prolonged storage. 
 
3.4.5 Single nucleotide polymorphism (SNP) detection of RCA coupled NEANA 
detection  
    The selectivity of this detection system lies on the circularization reaction in 
padlock step, which is inherently specific because correct hybridization of both 
end-sequences is required before ligase can join the ends.  The ligase reaction 
provides robust discrimination between allelic variants under standard reaction 
conditions.[46]  As a proof-of-concept experiments, the polymorphic targets were 
made by introducing single base mutation distributing around the end of the ligation 
junction (mm1 to 5).  Each mutation indicated alphabetically was made by replacing 
the original base with a random base, as shown in Figure 3.7a.  In Figure 3.7b and 
3.7c, the perfect target and five mutants are compared through photography and 
UV-vis absorbance.  It can be seen that the sensitivity is highly dependent on the 
position the polymorphic position in target DNA.  If the mutations located near the 
nick site (m1 and m2), ligation was almost completely quenched, leading to the 
failure of Padlock C formation and the failure of subsequent RCA.  As a result, the 
linker strand added later could not be cleaved in spite of the presence of nicking 







Figure 3.7 Detection of SNP in target DNA strands. a) Part of the sequence of the 
hybrid between the target (lower strand) and Padlock C near the nick. Polymorphic 
positions are numbered. b) Photograph showing colorimetric response to target DNA 




3.7b, b and c).  Moreover, slight difference between m1 and m2 might be observed 
from UV-vis absorbance spectroscopy (Figure 3.7c) by using this approach.  The 
efficiency of inhibition resulting from single mutation decreased dramatically when 
the mismatch site was more than two-base distance (mm3-mm5) from the ligation 
junction.  No precipitation could be observed with the addition of gold nanoparticle 
probes when mm3-mm5 were used (Figure 3.7a d-f).  UV absorpotion spectroscopy 
also gave the same evidence (Figure 3.7b). 
 
3.5 Summary  
We have demonstrated homogeneous, colorimetric DNA detection through the 
use of RCA coupled NEANA approach, in which padlock probe and rolling circle 
amplification was employed to improve original NEANA approach to detect any 
target sequences.  Via this approach, the requirement of nicking endonuclease 
recognition sites was not necessary any more.  The detection limit was improved 
furthermore (1 pM) due to the amplification capacity of RCA compared to original 
NEANA approach.  Aside from higher sensitivity, the extended approach offers 
several other advantages.  First, it has very high specificity which originated from 
the ligation step in RCA, and enables the detection of single nucleotide polymorphism 
in the target sequence.  Second, only one set of particle probes is needed for many 
different targets, because padlock probes can be designed to contain the same link 
sequence in the middle and different target recognition sequences at both ends.  




which eliminates the requirement of thermal cycling equipments.  These features 
should make the extended NEANA useful for various applications involving the 
detection of nucleic acids, for example, parallel analysis of SNP in a large number of 
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CHAPTER 4: Colorimetric Methylated-DNA Detection via 




CpG (Cytosine-Phosphate-Guanine) islands are the genome regions rich of CpG 
sites, locating in or near the promoter region of many genes. They are related to 
transcriptional inactivation and the stability of gene expression pattern in cells.[1-2]  
DNA methylation of normally unmethylated CpG islands involves the addition of a 
methyl group to the 5 position of the cytosine pyrimidine ring, the aberrant copy 
number of which is causally considered as a hallmark of tumor development.[3-4]  
The aberrant methylation in CpG islands is a promising target for early cancer 
diagnostics,[5-7] although identification methods are still constrained. 
Most current approaches for the detection of methylation are based on the 
treatment of target DNA sequence with sodium bisulfite, which effectively 
deaminates the unmethylated cytosine residues to uracil, while 5-methylcytosines 
are resistant to this treatment and remain unchanged.[8]  The bisulfite-treated 
DNA is then used as the template in a standard PCR step, where the uracils 
(formally unmethylated cytosines) are amplified as thymine and the methylated 
cytosines are still amplified as cytosine respectively.  The resulting difference 
can be exploited by plenty of techniques, such as methylation-specific PCR 




MethyLight,[11] combined bisulfite restrcition analysis (COBRA)[12] and 
methylation specific melting curve analysis (MS-MCA).[13]  The recently 
developed nanotechnology has also been incorporated into methlyted-DNA 
detection.  For example, methylation-specific quantum dot fluorescence 
resonance energy transfer (MS-qFRET) offers notable advantages by combining 
the high specificity of MSP and the high sensitivity of QD-FRET.[14]  However, 
all these PCR-based methods have drawbacks including labor intensity, high cost, 
and easily cross-contamination.  Thus, a simple but sensitive method that is able 
to avoid the complicated bisulfite treatment and PCR amplification is needed. 
 Gold nanoparticle-based colorimetric approach holds great potential overcoming 
these limitations, due to the unique optical property and bio-compatibility.[15-35]  Li 
and Qu has demonstrated the feasibility of using oligonucleotide-modified gold 
nanoparticle to detect methyltransferase activities and the enzyme-induced DNA 
methylation.[36-37]  But they lack the capability of straightforward detecting 
methylated-DNA samples because the target DNA should be first modified with thiol 
group to attach to particle surface.   
In this paper, we present a methylation-specific ligase-chain-reaction-based 
method for colorimetrically detecting methylated-DNA by using gold nanoparticles as 
signal transducer.  Ligase Chain Reaction (LCR) is an alternative DNA amplification 
method as PCR for highly sensitive DNA detection, which was in invented by F. 
Barany in 1991.[38]  LCR differs from PCR because it amplifies the probe molecule 




possesses greater specificity than PCR and has been widely used for genotyping and 
detection of virus infection.[39-40]  Here, by taking the advantage of methylation 
sensitive restriction enzyme (HhaI), methylated-DNA can be colorimetrically detected.  
It is the first time that LCR is integrated with gold nanoparticle as biosensor.     
 
4.2 Materials and synthesis 
4.2.1 Reagents and characterization 
All chemicals and oligonucleotides (Table 4.1) were purchased from Sigma 
Aldrich unless otherwise noted.  Citrate-coated 13 nm Gold nanoparticles were 
prepared by the citrate reduction of HAuCl4.  DNA/Gold nanoparticle probes were 
prepared according to reference (See Chapter 2).  All enzymes and reaction buffers 
were purchased from New England Biolabs Inc.  Phosphate buffer, Tris-HCl buffer 
and chloride solution were obtained from 1st Base Pte Ltd, Singapore.  15 nm 
diameter gold nanoparticle is prepared following a literature method.[41]  The 
UV―vis spectra were obtained on a SHIMADZU UV-2450 spectrophotometer.  
 
4.2.2 Preparation of Taq DNA ligase buffer  
Since the standard Taq DNA ligation buffer contains DTT and the detergent 
TritonX-100, which were found to precipitate gold nanoparticles, a modified buffer 
was prepared without these reagents.  The (2 mmol) Tris-HCl, (2.5 mmol) potassium 
acetate, and (1 mmol) magnesium acetate were dissolved in deionized water to a final 




Table 4.1 Oligonucleotides used in this experiment 









5’GTC GCC GTA CAG C(M)GC CGG GAG GGA 
CGC GTA3’ 
BLMPA 
Probe A in 
sandwich format
5’S-S-AAA ATG GCG TCC CTC CCG3’  
BLMPB 
Probe B in 
sandwich format
5’PO4-GCG CTG TAC GGC GAC AAA-S-S3’  
LCAA Probe A for LCR
5’TTT GAT GTT TCC AGA ATC CCT TAG TT TA 
ATA CGT TAC CTC AAA TAC GCG TCC CTC 
CCG3’ 
LCAB Probe B for LCR
5’PO4-GCG CTG TAC GGC GAC CAG AAA AAG 
CAA ACA TC TT ATG TTT CCA GAA TGC CTT 
AGT3’ 
LCAA' 
Probe A’ for 
LCR 
5’PO4- CGG GAG GGA CGC GTA TTT GAG GTA 
ACG TAT TA3’  
LCAB' 
Probe B’ for 
LCR 
5’GA TGT TTG CTT TTT CTG GTC GCC GTA CAG 
CGC3’  
LCAM1 
Probe M1 with 
SH group  
5’CTA AGGGAT TCT GGAAACATC AAA S-S3’  
LCAM2 
Probe M2 with 
SH group 






NaOH.  The solution was stored frozen. Immediately prior to use in thermal cycling 
experiments, the buffer was thawed, and 1/9 volume 100 mM NAD (in deionized 
water at pH 7.6) was added to the volume of buffer to be used in the experiment.  
 
4.2.3 Ligase chain reaction 
20-μL solutions in PCR tubes were prepared, containing various amounts (1 
pmol, 0.1 pmol, 0.01 pmol, and 1fmol) of a 30-base single stranded target DNA 
(BLM), probe A and B (4 pmol each), prepared Taq ligase buffer, and Taq DNA 
ligase (40 units).  Upon incubation at 40 oC for 1 h, probe A’ and B’ (10 pmol) were 
then added in.  All these tubes were placed into the thermal cycler for the LCR 
reaction.  After 30 cycles of 94 oC for 1 min, 20 oC for 5 min and 60 oC for 10 min, 
60 µL of two different gold nanoparticle probes were added.  The overhanging ends 
of dsDNA AB/A’B’ hybridized with the oligonucleotide a’ and b’ on the surface of 
particles, resulting particle aggregation.     
. 
4.3 Method 
The general outline of this method is illustrated in Figure 4.1.  The target DNA 
is first digested by the methylation-sensitive enzyme HhaI.  HhaI is a restriction 
endonuclease that recognizes and cleaves the GCGC sequences in either single- or 
double-stranded DNA templates, but this function is blocked by CpG methylation.[42]  
If the CpG site is not methylated, the target DNA (BLM) will be digested by HhaI 




Figure 4.1 Mehthylation-specific ligase chain reaction assisted nanoparticle




cleave the methylated target DNA due to its sensitivity upon the CpG methylation.  
The intact methyalted target DNA (BLM(m)) are complementary to the 15 bases of 
probe A at the 3’ terminal and the 15 bases of probe B at the 5’ terminal, respectively.  
After digestion, BLM(m) and both probes are first hybridized at 40 oC, and the probe 
A and B are specifically ligated in the presence of thermostable Taq DNA liagse to 
form single-stranded (ss) DNA AB.  Second, by addition of probe A’ and B’ which 
are, respectively, partly complementary to probe A and B, the probe A’ and B’ are 
ligated to produce double-stranded (ds) DNA AB/A’B’.  Third, the resulting mixture 
is processed to thermal cycles of 94 oC for 1 min, 20 oC for 5 min and 60 oC for 10 
min.  During the thermal cycle, the dsDNA is firstly denatured at 94 oC to form 
ssDNA AB and A’B’.  Then the ssDNA AB and A’B’ are respectively used as the 
templates to hybridize with the rest probe A’ and B’, probe A and B at 20 oC followed 
by ligation of the probes at 60 oC.  Through the thermal cycles,  the ligation 
products from former round can serve as templates for the next round of ligation, 
which give rise to exponential amplification of DNA and finally produce a large 
amount of dsDNA AB/A’B’.  It should be noted that probe A and B are intently 
designed to be longer than probe A’ and B’.  Under this situation, there are two 
sections overhanging at the duplex AB/A’B’, which serve as the linker to hybridize 
with the oligonulceotide probes on particle surface for aggregation.  Upon 
completion of the thermal cycles, two sets of different oligonucleotide-modified gold 
nanoparticles probes (a and b) are added to the solution to detect the presence of 




methlyated, particle aggregation will be observed.       
 
4.4 Results and discussion 
4.4.1 LCR-based colorimetric DNA detection 
Before detecting methylated-DNA, the feasibility of the LCR-based gold 
nanoparticle amplification for normal DNA detection was tested.  We first prepared 
20-µL solutions in PCR tubes containing various amounts (1 pmol, 0.1 pmol, 0.01 
pmol, and 1fmol) of a 30-base single stranded target DNA (BLM), probe A and B (4 
pmol each), prepared Taq ligase buffer (supporting inforamtion), and Taq  DNA 
ligase (40 units).  Upon incubation at 40 oC for 1 h, probe A’ and B’ (10 pmol) were 
then added in.  All these tubes were placed into the thermal cycler for the LCR 
reaction.  After 30 cycles of 94 oC for 1 min, 20 oC for 5 min and 60 oC for 10 min, 
60 µL of two different gold nanoparticle probes (modified by LCAM1 and LCAM2) 
were added.  The overhanging ends of dsDNA AB/A’B’ hybridized with the 
oligonucleotide a’ and b’ on the surface of particles, resulting particle aggregation.  
As anticipated, obvious particle precipitation was observed for all the solution 
samples containing BLM, which indicated the formation of dsDNA AB/A’B’ by the 
cycles of ligase chain reaction.  In contrast, no particle aggregation was detected in 
the solution without the target strand BLM (Figure 4.2).   
 
4.4.2 LCR product analyzed by electrophoresis 








Figure 4.2 Photograph showing colorimetric response of ligase chain reaction assisted 
DNA detection. This detection system comprises four DNA probes (A, B, A’ and B’), 
Taq DNA ligase, and particle probes a and b in the presence of various concentrations 
of a single strand target DNA (BLM). The labeled concentrations (5 nM, 500 pM, and 





polyacrylamide gel (PAGE) to separate the products from the same reactions used for 
colorimetric detection.  After completion of LCR, loading buffer was added into the 
mixtures instead of gold nanoparticle probes.  The gel was immersed in a solution of 
SYBER gold for 30 min to stain.  As shown in the PAGE gel image (Figure 4.3, 
Lane 1), no ligation happened in the absence of BLM due to its crucial role in the 
ligation reaction of probe A and B which triggered the first round of thermal circle.  
In contrast, most of the probe A and probe B were ligated into 116-base ssDNA AB 
(Figure 4.3, Lane 2, 3, 4, upper band) in the presence of BLM.  Moreover, the gel 
results indicated that probe A and B can be effeciently ligated even in the small 
amount of BLM via the amplification of LCR (Figure 4.3, Lane 4). 
 
4.4.3 Colorimetric methylated-DNA detection 
After confirming the feasibility of LCR and nanoparticle amplifiction for DNA 
detection, we added the digestion reaction of HhaI before ligation to detect 
methylated-DNA.  From the above mentioned experiments, it is demonstrated that 
the initial ligation templated by target DNA is crucial for LCR and particle probes 
aggregation.  Therefore, the resistance of methylated-DNA from HhaI digestion is 
the key point for detection.  For proof-of-concept, we used a synthesized 30-based 
oligonucleotide BLM(m) with a methyl group modified at the 5 position of one 
cytosine (Figure 4.4a).  In a typical experiment, two 10-µL reaction solutions 
respectively containing methylatated BLM(m) and unmethylated BLM (1 fmol),   











Figure 4.3 Autoradiogram of polyacrylamide gel separated products of liagse chain 
reaction through 30 times of thermal cycles of 94 oC for 1 min, 20 oC for 5 min and 60 
oC for 10 min. Lane 1 (control): DNA probes without target BLM added. Lane 2-4: 








Figure 4.4 a) Target sequences with or without methylation; b) UV spectra for 
methylated DNA detection. Inset: photograph showing colorimetric responses of





hour.  Followed the de-activation at 65 oC for 20 min, 40 units of Taq DNA ligase, 
prepared buffer and 4 pmol of DNA probes A and B were added into the solution 
(total volume 40 µL) and incubated at 40 oC for 1 hour.  Theoretically ssDNA AB 
formed only in the sample solution containing methyalted BLM(m) at this step.  
Then 10 pmol of probe A’ and B’ were added to perform LCR.  At last, two sets of 
gold nanoparticle probes were used to observe the results colorimetrically (Figure 
4.4B inset).  UV absorption spectroscopy also confirmed the color change (Fig. 4b).  
In the spectroscopy, no longer wavelength (～650 nm) was observed in the sample of 
normal target DNA BLM.  In contrast, quite obvious red shift emeraged in the 
experiments for methylated DNA BLM(m). 
 
4.4.4 Colorimetric detection of methylated-DNA without LCR amplification 
(sandwich format assay)  
The scheme is illustrated in Figure 4.5.  The unmethyalted-DNA BLM will be 
cleaved by the restriction enzyme HhaI into two pieces.  In contrast, 
methylated-DNA BLM (m) will keep intact due to the methylation sensitivity of HhaI.  
Upon addition of oligonucelotide-modified gold nanoparticle probes after cleavage 
reaction, the methylated DNA serves as a linker strand to trigger particle aggregation 
and a concomitant color change.  In a typical experiment, 10-µL solution containing 
30-base single stranded target DNA (2 pmol), 1*NEBuffer 4 (1 µL), and HhaI 









Figure 4.5 Scheme of Colorimetric Detection of Methylated DNA without LCR 




by the addition of a mixture that contained 40 µL of two different 18-base 
oligonucleotide-modified gold nanoparticle probes (BLMPA and BLMPB).  As 
expected, no apparent aggregation was observed for the samples of BLM, indicating 
the cleavage reaction via HhaI.  Precipitation of aggregates was observed in the 
methylated DNA solution.  The limit of this basic detection version is around 200 
nM in our experimental condition. 
 
4.5 Summary  
In conclusion, we have demonstrated that ligase chain reaction can be 
designed to exponentially amplify and sensitively detect DNA in a homogeneous, 
colorimetric approach.  In addition, methylated DNA can also be detected via 
combining the restriction endonuclease cleavage reaction and LCR, the detection 
limit of which is as low as 50 pM.  Compared with traditional PCR, blotting, and 
microarray based methods for methylated DNA detection, our approach show 
advantage in the assay time and estimated cost.  Meanwhile, the stability, 
easy-prepration, and visible color response of gold nanoparticle beyond quantum 
dots also make our approach a more convenient and more feasible detection.  
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CHAPTER 5: Conclusions and Future Directions 
 
5.1 Conclusions 
In this dissertation, we have developed a series of novel and practical 
DNA/NP-based sensors, which utilized a combination of gold nanopaticle probes and 
DNA enzyme reactions, providing high-throughput screening capability and 
ultra-high sensitivities without the need of costly instrumentation.  Restriction 
endonuclease reaction, rolling circle amplification, DNA ligation, ligase chain 
reaction were employed in these sensors.  
Firstly, we demonstrated a homogeneous, colorimetric DNA detection system via 
nicking endonuclease-assisted nanoparticle amplification (NEANA).  Our novel 
biosensor utilizes a combination of particle probes, a linker strand, and a nicking 
endonuclease.  This sensor offers handling convenience and ultrahigh detection 
versatility for long stranded DNA sequence with single mismatch.  The unoptimized 
system provides a colorimetric detection limit of 0.5 fmol within several hours for 
single stranded oligonucleotides that contain nicking endonuclease recognition sites.  
Secondly, we developed an extended version of NEANA approach by coupling 
rolling circle amplification to address the limitation of requirement for nicking 
endonuclease docking.  This approach employed a padlock probe and rolling circle 
amplification to detect any target sequences without specific site.  The detection 
limit was improved furthermore (1pM) due to the amplification capacity of RCA 




Thirdly, we demonstrated a novel approach for methylated-DNA detection by 
combining restriction endonuclease reaction and ligase chain reaction.  This method 
can exponentially amplify the sensitivity of methylated DNA detection in a 
homogeneous, colorimetric way compared to traditional sandwich assay format.  
Beyond conventional PCR, blotting, and microarray based methods for methylated 
DNA detection, our method offers the advantages of shorter assay time and reduced 
cost.  Meanwhile, the stability, easy-preparation, and visible color response of gold 
nanoparticle rank our method a convenient and feasible detection.  
      
5.2 Future directions 
    Although gold nanoparticles continue to be one of the most widely used labels in 
diagnostics, greater level of sensitivity is still needed for many diagnostic tests.  
Many amplification techniques including those that we described in this thesis have 
enhanced the sensitivity to a large extent, but there still exist some disadvantages.  
One of the main disadvantages is their inability to detect more than one target 
molecule at a time when information emerging from the Human Genome Project and 
related programmes is emphasizing the advantages of being able to detect multiple 
targets in the same ample.  Therefore, future research efforts need to be directed at 
developing multiplex assays.   
Moreover, all the sensors mentioned herein have been only tested using synthetic 
single stranded oligonucleotide or commercially available enzyme samples.  




these assays in laboratory and diagnostic systems as conventional techniques.  The 
ability of a sensor to detect target in complex environment with high background and 
competing target requires exquisite selectivity and sensitivity.  As a result, continued 
efforts made by interdisciplinary teams of scientists including chemists, materials 
scientists, medical doctors, biologists, and engineers have been urgently needed to 
move these detection systems out of the laboratory and into the real-world settings.  
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